We investigate the use of non-cryogenic instrumentation for near infrared spectroscopy. With this technique, it is possible to apply in the J and H bands some instrument concepts and observing techniques used in the visible. We present observations of the thermal background in H. We derive some instrument requirements for minimizing and handling it. We recommend the use of short wavelength cutoff wavelengths or linear filters in H. We present observations of the sky emission, and do confirm previous upper limits of the continuum emission between the OH lines. We discuss some applications of non-cooled near infrared spectroscopy.
INTRODUCTION
The growing availability of near JR detectors of large format, low dark current and readout noise brings new observing capabilities of the universe, both in imaging and spectroscopy. The much lower absorption of light in the JR allows the study in this domain of heavily obscured regions (star forming regions, galaxy centers etc.). The redshift effect makes the near JR bands the window of choice for the observation of distant galaxies at redshifts above ' 1 , for which most of the emission and absorption lines present in the galaxy spectra disappear from the visible. The near JR domain also allows specific physical diagnostics via the observation of spectral signatures, most of them molecular, present in the JR.
represent the mean sky fluxes in the J, H and K bands, and the thermal background as detected with a cooled spectrometer (T = 273 K and 20% emissivity on the figure). The situation is indeed more complex, and the 'cutoff' wavelength in non-cooled spectroscopy is actually much lower, and, depending on the application, lies between 1.4 and 1.8 jim. The reason is that the background is not dispersed in a non-cooled instrument, but actually consists in the integrated part of the blackbody spectral energy distribution, usually seen with an emissivity of 100%, over the observing band. This explains why the dashed lines of figure 1, derived from observations carried out with cryogenic instruments, is not representative of the non-cooled case.
The thermal background contribution in the non-cooled case is shown with a solid line in figure 1 , assuming a temperature of 273 K and an emissivity of 100 per cent.
When now accounting for the discrete structure of the OH emission, rather than for the mean fluxes, it clearly turns out from figure 1 that with a non-cooled instrument, at the spectral resolution of the figure (800 per pixel), the thermal background becomes the dominant source of noise if observing between the OH lines above 1.6 pm, while emission on the lines still dominates up to '-1.9 pm. Clearly, thermal background in K with a non-cooled spectrometer is totally dominating, preventing high performance observations in this band. Note also that the integrated background curve (solid line) in a non-cooled instrument is not modified when the spectral resolution changes, whereas the dispersed background curve (dashed line) with a cryogenic instrument varies linearly with the spectral resolution.
We describe our observations in section 2. Then, we discuss the thermal background in the H band in section 3. In section 4, we present our observations of the continuum emission between OH lines. In section 5, we consider some potential applications of the technique.
OBSERVATIONS
The measurements of the thermal background and of the airglow spectrum reported in this paper are a by-product of observations carried out at CFHT with a visitor instrument, ISIS-IR, developed at Observatoire de Paris, and working in the J and H bands. This instrument consists in a 50 fibre image dissector and in a bench grating spectrograph providing resolving powers up to '.-2,000. Preliminary versions of this instrument are described in Ref. 4 . The instrument uses one of the two CFHT Nicmos cameras, Redeye Wide which provides a demagnification factor of 1.7::1.O (see Ref. 5 and http://www.cfht.hawaii.edu). The fibre bundle at the focal plane of the telescope covers a field of view of ' 7 arcsec at the direct f/8 focus, and of 12 arcsec with the use of a focal reducer. The fibres are aligned at the other end of the bundle and form the entrance slit of the spectrograph. Flat field spectra and comparison lamp spectra are taken via the telescope calibration unit located in the Cassegrain adapter. The fibre to fibre transmission is calibrated on flat fields or by flux scaling on well isolated OH airgiow lines. Data reduction procedures have been developed under IRAF.
THERMAL BACKGROUND 3.1. Introduction
In a cryogenic spectrograph, the background is dispersed and at moderately low emissivity (within the atmospheric transmission windows) . It is simply given by the following expression1:
exp AkT with NTB the number of thermal background electrons per second and per pixel, A is the telescope area, Q the solid angle at which a pixel sees the telescope pupil, the instrument transmission, e the atmosphere + telescope emissivity, J:-(A) the filter spectral transmission curve, A the wavelength, T the site temperature and R the resolving power per pixel.
In the non-cooled case, the behavior is different, since the slit environment is warm. In this case, the background is no longer at low emissivity, nor dispersed. Let us consider for instance the slit jaws which radiate at room temperature with an emissivity of 100%. After the dispersing element, all the points of the slit jaws generate spectra which overlap onto the detector, re-forming an integrated background. This situation is exactly similar to re-forming an integrated sky background in slitless spectroscopy (e.g. objective prisms). The rest of the 'warm' optics also generates an 'integrated' thermal background. Hence, the penalty in not cooling the spectrograph is three-fold, by order of increasing importance:
1. slightly higher detectivity of the thermal background photons, converted in electrons through the sole detector + cold optics quantum efficiency, whereas with a cooled instrument the background photons are converted through the whole instrument efficiency.
2. a five to ten-fold increase in emissivity of the room temperature blackbody (i.e. up to 100%).
3. no dispersion of the background.
In consequence, the thermal background in the non-cooled case is given by the following expression, which does not depend anymore on the spectral resolution: (2) A exp-1 with 1)det the efficiency of the detector (+ the cold optics inside the detector camera) . Minimizing the thermal background requires to minimize the étendue A 1 onto the detector.
Background étendue and detector implementation
To start our discussion, we consider the simplest detector implementation, as shown in figure 2 a. The whole optical train, collimator, dispersive element and camera is 'warm'. In such a case, the background is observed at a solid angle set by the diameter of the dewar entrance window and its back focal distance to the detector. Though quite dependent upon the camera design and instrument, sampling considerations lead with large telescopes and small Table 1 . Thermal background levels in photons s1 pixel' at 273 K in the J, H and K bands in situations similar to those of figure 2. The 'thermal' solid angle in case (a) has been taken equal to ir (half cone angle of 60°), and we assume 18.5 pm pixels. In case (b), the étendue is 7.5 10h1 m2 sr, corresponding to sampling 0.5 arcsec per pixel on a 4 meter telescope.
pixel sizes to short back focal distances and fast beams. For our purpose, we consider that the detector sees the external 'warm' environment under a beam speed of ' f/0.5, whereas the actual speed of the monochromatic beams is much slower. Table 1 shows the background flux in the near infrared bands under such a severe case (case (a)).
From these values, we derive that:
1 . Implementing JR arrays barely like CCDs is at the limit of what is acceptable in the J band in spectroscopy, while this is not possible in the H band as the thermal background would dramatically dominate other photon sources. This is however a possible implementation scheme in broad-band zmagirzg: the sky is then still the dominant source of photons, as it contributes in H to ' 7000 photons m2 arcsec2 band' (Ref.
3), i.e.
2000 photons s-pixel1 on a 4 m telescope with 0.5 arcsec pixel' sampling and an overall efficiency of 10%. This CCD-like implementation is not a valid concept in the K band, even in broad-band imaging. 3. The filters must be cold for operation in the J and H bands, if the detector is sensitive in the K band. 'Warm'
J or H filters in front of the dewar, would generate thermal fluxes of several i0 to i0 photons s pixel' in K.
Jn conclusion, implementing an JR array like a visible CCD is possible if limited to the sole J band, and provided that the J filter is cold. This however requires an efficient rejection of the thermal photons in H (a few i0) and in K (a few 106). Accessing the H band, or part of it, is still possible in spectroscopy, provided that a white pupil is imaged onto a cold stop. Here again, this requires an efficient rejection of the thermal photons in the K band, as we show in the next section.
Filter rejection in the K band
We assume that a near infrared detector is sensitive over the whole [1.0-2.5} itm region. This is the case for near infrared detectors in HgCdTe, whereas InGaAs has a cutoff wavelength of 1.7 pm.6 As shown in the previous section, the filters must be cooled. We have investigated the thermal background leakage in the wings of the J and H filters of the CFHT Redeye camera. For this, we have measured 'dark' currents through the J and H filters alone and in series with a thermal blocking filter (cutoff wavelength of 1.9 pm). Fortunately, the CFHT Redeye camera has two filter wheels and provides this double-filtering facility. Figure 3 shows the residual thermal background up to 2.5 pm through the wings of the J and H filters as simply computed from their transmission curves. The noise in the figure comes from the noise in the transmission measurements. The thermal background in both the J and H filters is clearly affected by the leakage in the K band. Table 2 shows the thermal background values, as derived from figure 3 and from real measurements, with and without the thermal blocking filter. The differences between the predicted values in photons s and the measured values in electrons s-are due to the quantum efficiency of the detector, plus the transmission of the cold optics 837 J band [1. Table 2 . Predicted and measured background fluxes in the J and H bands. The predicted fluxes are computed by integration of the curves in figure 3 , assuming a blackbody radiation at 273 K, an emissivity of 100 per cent, and accounting for the étendue of our observations. The difference between the predicted values in photons s and the measured values in e are due to the quantum efficiency of the detector plus the transmission of the camera optics, including the filters. In the J band, the value measured with the blocking filter corresponds to the detector dark current. For the H filter, the results are consistent with a detector (plus cold optics) efficiency of .'50%.
inside the camera. The observed increase of the background levels due to the leakage in the wings is in satisfactory agreement with the predicted one. A more detailed comparison would require a precise knowledge of the detector spectral sensitivity, especially between 2.4 ,.m and 2.5 jim. From table 2, it turns out that the use of a blocking filter used in series with the standard photometric filters are mandatory for a correct rejection of the thermal background in the K band. There is however a penalty of a few per cent in efficiency.
The rejection factor in the K band ofthe J and H filters offigure 3 is 3000 -5000. Getting rid ofthe requirement for the blocking filter would require filters with much higher rejection. Obviously, using a detector with a response cutoff wavelength of A 2.0 um would also allow to avoid this double filtering.
.4. Thermal background subtraction
The subtraction of the thermal background can be done in two different ways:
1. via dark exposures, as usually done in the visible. Since the background consists in a complex pattern resulting from the temperature(s) of the local environment, the shutter should if possible be located as far as possible from the detector, for instance before the slit plane. Hence, most of the warm environment seen by the detector is identical to the one measured during an object exposure. . The upper curve shows the temperature variation during one night at two locations inside the dome. Crosses are for the air temperature six feet above the dome floor, stars are for the floor temperature by the telescope south pier, close to where the instrument was installed. In (b) , we have computed the induced background variations, assuming arbitrarily that the instrument viewed a temperature blackbody corresponding to one of the above temperatures.
2. via beam switching exposures. In such a case, the thermal background is automatically removed together with the sky. There is a priori no need for specific 'dark' exposures. Figure 4a shows the variations during a night of the ambient temperature as recorded at different locations inside the CFHT dome (these temperatures are logged in the image FITS headers).
We did not have enough clean 'dark' exposures in our data (which were in addition affected by bias instabilities) to carry out a proper correlation of the background level with ambient temperature. Moreover, as it is clear from figure 4a, various temperatures inside the dome are poorly correlated between themselves. It is then unlikely that any temperature measurement can be a good estimator of the blackbody temperature seen by the instrument.
Hence, we simply computed, from figure 4a, the background in H corresponding to one of the temperatures. The result is shown in figure 4b , assuming a 5 mm exposure time in our observing conditions (same étendue). The mean background is in this case '-S 10,000 photons pixel . The result is quite impressive, demonstrating that variations Figure 5 . An example of ad'hoc background subtraction. One dark exposure of 300 s is used for subtraction to 6 stacked 300 s sky images. Up. the dark image was scaled b a factor 6 before subtraction, leaving a clear postt iv residual. Down. the same 'dark' image was scaled by a factor 6.3. Both images are displayed wit Ii the same ('lit I lie rediict ion and almost perfect cancellation of the background is clearly visible, though the sky image and the s'ded background image correspond. after ad 'hoc scaling, to different integration times. Clearly visible on t lie figurc are the 01-I emission lines (along the v axis) and the fiber pattern (along the x axis) up to 15 (7 of the background can he observed in a few hours, leading to background variat ions of several hiiiiidreds of photons per pixel and per exposure. i.e. much above the readout noise and sk + background shot noise.
However, these drainat ic changes in the background level should not he considered as first order noise sources. Incorrect background subtraction typically leaves onto the detector a bias level that can be estimated on regions un-exposed by the sky light onto the detector. Such a local estimation may be used to scale a reference background image. improving the accuracy of the subtraction. Figure 5 illustrates this technique. however, using such 'blank' regions to scale the background may not be perfect, as such regions may also he used for sarupliig scattered light (see e.g. Ref. 7 for a scattered light subtraction recipe in multi-fibre spectroscopv).
Beam switching procedures allow a direct and potentially better --subtraction of the background. However, the beani switching frequency may well be too low iIi comparison to the temperature tune variations visible on figure 4a. and ma need furt tier processing as explained above using dark regions on the images. 'I'his again requires to take some specific background exposu res. although these exposures are a priori not needed when using beam swit ching. Table 3 . Thermal background (T = 273 K) and sky fluxes in photons s1 pixel1 for different sampling conditions on 4 m and 8 m telescopes. The thermal background values may be converted in electrons s pixel' by multiplying by the detector quantum efficiency, the cold optics transmission and the filter transmission. The sky values must be converted by multiplying by the overall atmosphere + telescope + instrument efficiency. The filter transmission curves are assumed perfectly rectangular with zero transmission outside the bandpass. It is also assumed that a white pupil is imaged onto a cold stop.
In conclusion to this analysis, the temperature variations during a night induce background variations which, if not properly handled, lead in turn to noise levels that largely exceed other noise sources. Taking dark exposures at the beginning and at the end of the nights for a simple subtraction -as usually done in the visible -is totally unrealistic. Special procedures have to be taken while observing for regularly sampling the background, and at the data reduction level for fine corrections allowing to properly subtract it.
Filtering the H thermal background
As it turns out from the previous discussions, the H band is actually a 'thermal' band in non-cooled near infrared spectroscopy. However, limiting the spectral range down to 1 .8 pm allows to recover full performances in this band, at the expense of some spectral coverage. This is a pure translation of the situation occurring in the K band in imaging which has led to develop the well-known K' filter. 8 Designing an H' filter cutting down the upper wavelengths of the H band of course depends on the spectrograph characteristics. For the sake of simplicity, we consider hereafter two cases, corresponding to realistic situations on 4 m and 8 m telescopes. Table 3 shows the thermal background fluxes corresponding to these situations in different spectral bandpasses within the H band. Also indicated for reference are the mean sky fluxes, as computed from the data published in Ref. 3 , assuming a two pixel resolution of 400. These values must be compared to the dark current which is a few e min1 pixel' on new generation JR arrays.
The requirement to cut down the spectral range in H is directly dependent on the spectral resolution. At low spectral resolution. as shown on figure 1 corresponding to a two pixel resolution of -' 400, there are few regions of pure continuum between the OH lines. Hence, the signal to noise ratio is governed by the line intensities, and the full H band can be used without a significant impact on the performances. At the opposite, at higher spectral resolution, it becomes possible to observe between the OH lines in regions where the sky continuum and /or the detector dark current dominate with cooled instruments, and then the thermal background becomes the dominant source of noise with un-cooled instruments.
The use of linear filters, filtering the thermal background along the dispersion direction of the spectrograph, allows to further reduce the background. Linear filters (identical in the principle to the well-known Circular Variable Filters), can have spectral resolutions up to 100. Linear filters have in the present circumstance the very important advantage of significantly reducing the background at wavelengths below the cutoff wavelength. For instance, if the cutoff wavelength is 1.8 pm, the part of the spectrum close to 1.6 pm will see a background integrated over the range Figure 6 and 7 demonstrate the impact of the background in non-cooled spectroscopy at high spectral resolution. From these figures, it turns out that working at a resolution of 2000 (two pixels) requires to limit the spectral range at '-1.6 pm to keep sky-limited performances, whereas at a two pixel resolution of 20000, the thermal background is totally dominating. The use of linear filters, however, allows to increase the cutoff wavelengths by filtering the thermal background along the dispersion direction. The thermal background still dominates at wavelengths above 1.6 pm at R 2000 if the resolution of the linear filter is 10, but it now selectively affects the signal with wavelength, unlike without linear filter. Increasing the resolution of the linear filter to 100 allows to decrease the background by a factor of 4 at the cutoff wavelength.
Influence of the site temperature
The thermal background is obviously dependent on the site temperature. The dependence around 1.8 pm at 273 K on the number of thermal photons is: N(T) x exp(0.107 x T) (3) where N(T) is the number of thermal photons as a function of temperature and LT is the temperature variation.
This relation shows for instance that the thermal background in H at Paranal (VLT site, mean annual temperature: 12.6 °C) is 4 times higher than in Hawaii (mean annual temperature: 0 °C). On sites with high seasonal temperature variations, observing in winter time may significantly reduce the thermal background.
SKY CONTINUUM EMISSION IN J AND H: UPPER LIMITS
Ref. 9 and Ref. 10 give OH line wavelengths and intensities in the J, H and K bands. The emission lines are shown to be useful spectral calibrators for low to moderate resolution spectroscopy. Ref. 10 also provides a study of the time variations of the line intensities, and the authors derive a recipe for optimizing the exposure time according to these temporal variations. An important point is that no spatial variation over arcminute scales seem to exist.
The continuum level between the OH lines has been measured by several authors, in view of OH airgiow suppression instruments.3 '2 We have attempted to measure the continuum level between the OH lines. From our observations taken at a spectral resolution of 1500, we do not detect any continuum in the J band in a region free of lines, namely between 1.24230 and 1.24827 pm (wavelengths in vacuum, Ref. 11). We however derive an upper 3 o limit of the continuum of 300 photons s1 m2 arcsec2. This continuum upper limit is consistent with the value adopted in Ref. 2 from data published elsewhere. This represents a fraction of less than 2% of the mean sky in the J band ('-17,000 photons s_i m2 arcsec2 (Ref. 3) ).
We have performed the same analysis in the H band, and were not able either to detect with high confidence any continuum. We however derive a 3 o upper limit of ' 800 photons s m_2 arcsec2 , perfectly in agreement with the measurements reported in Ref. 
APPLICATIONS OF NON-COOLED NEAR INFRARED SPECTROSCOPY 5.1. Multiobject spectroscopy
Among the most rewarding applications of non-cooled near infrared spectroscopy is multi-object spectroscopy. This could be achieved either with mask or fibre systems as in the visible. Using masks with cryogenic instruments is unrealistic, as this would require frequent warming up / cooling down cycles for exchanging the masks.
One instrument has been developed at CFHT for multi-object spectroscopy in the J and H bands on the principle described in this paper. This instrument, OSIS, is an upgrade of the SIS way of the MOS-SIS instrument.12 The instrument covers a huge spectral range, from 'S-' 400 nm to 1800 nm. Switching from visible to near infrared wavelengths is done by manually exchanging the visible and infrared cryostats. A tip-tilt mirror allows to improve image quality in all the visible and infrared modes. The multiplex capability with 10 arcsec long slits can be as high as 12. Subsequent use of detectors of larger areas will allow to further improve this multiplex capability.
A dedicated JR instrument, with much wider field and massive multi-object capability (up to 200) , NIRMOS, is being developped for the VLT. Jt is the counterpart of VIMOS, operating in the visible. 13 The use of linear filters, as described in section 3.5, has restricted applicability here, since the slits have variable locations in the focal plane. Therefore, the linear filter shall have a resolution small enough to allow for this variation in position of the slits. Jn practice, for NIRMOS, slits have to be laterally positioned within 0.5 to 1 arcmin to allow enough flexibility in the selection of the objects. This corresponds to 150-300 pixels, at a resolution of ' 1.5 Angstroms per pixel. This limits the maximum resolution of the linear filter in H to 30-60. The background at 1.8 pm is decreased accordingly by a factor 1.7 to 2.6.
Near infrared fibre spectroscopy
Though fibres have been used in visible spectroscopy for a long time, their application in the near JR has been quite limited up to now. In addition to ISIS JR,4 fibres have been used in the IR either for interferometric applications'4 or plug plate-based multi-object spectroscopy at UKIRT. The interferometric applications are quite specific, and use monomode fibers.
At UKIRT,'5 the fibres feed a cryogenic spectrograph (CGS4), which allows to use the technique up to the K band, although with some degradation of the performances due an increase in thermal background. Two sets of fibres are available, silica fibres on one hand for the J and H bands, and zirconium fluoride fibers on the other hand for the K band.
For non-cooled JR spectroscopy, and if resorting to long fibre lengths, the logical approach is to use 'dry' silica as the material of choice, as it provides extremely good transmission performances over quite long distances (figure 8), up to 1.8 pm, matching exactly the cutoff wavelength of the technique described in this paper. Resorting to more exotic, fragile and expensive JR materials is in this case useless.
